We investigated experimentally and computationally the concentration dependence of electronic specific heat coefficient γ in Y(Fe 1−x Cox) 2 pseudobinary Laves phase system. The experimentally observed maximum in γ(x) around the magnetic phase transition was interpreted within the local density approximation (LDA) combined with the virtual crystal approximation (VCA). To explain the formation of the observed maximum, we analyzed theoretically the dependence of the magnetic energy, magnetic moments, densities of states, and Fermi surfaces on the Co concentration. Furthermore, we carried out the calculations of density of states at the Fermi level as a function of fixed spin moment. The calculated Co concentration at which γ takes the maximum value (x max−LDA−VCA = 0.91) stays in good agreement with the measured value (x max−expt = 0.925). We conclude that the observed maximum in γ(x) results from the presence of the sharp DOS peak in the vicinity of the Fermi level. 
I. INTRODUCTION
The Laves phases are the largest group of intermetallic compounds [1] . They crystallize in close-packed structure classified into three types: hexagonal MgZn 2 (C14), cubic MgCu 2 (C15), and hexagonal MgNi 2 (C36) [2] [3] [4] .
The Y(Fe 1−x Co x ) 2 alloys crystallize in the cubic C15 MgCu 2 -type structure [5] with the space group F d-3m (no. 227), see Fig. 1 and Table I . The primitive cell of YCo 2 consists of two Y and four Co atoms. The sublattice of Y has a diamond structure and the sublattice of Co forms the kagomé lattice (trihexagonal tiling). YFe 2 is a ferromagnet with the Curie temperature of about 550 K [6, 7] , while YCo 2 is an exchange enhanced Pauli paramagnet [8] undergoing a metamagnetic transition in a field of about 70 T (at 10 K) [9, 10] . Fe/Co alloying induces a paramagnetic-ferromagnetic phase transition in Y(Fe,Co) 2 system with a critical Fe concentration of about 0.14 [11] . The measured dependence of magnetic moment (m) on Co concentration starts at 2.80 µ B f.u. −1 for YFe 2 , reaches a broad maximum for intermediate concentrations, and drops sharply to zero near the critical Co concentration [11] . The pseudo-binary Laves phases Y(Fe 1−x Co x ) 2 exhibit both extraordinary magnetic properties [7, [12] [13] [14] [15] and ability to absorb hydrogen [16] [17] [18] [19] . Moreover, the DyFe 2 /YFe 2 magnetic thin films are reversible exchange-spring magnets [20, 21] and the YCo 2 alloys with rare-earth elements R 1−x Y x Co 2 (R = Er, Gd) are considered as magnetocaloric materials for application in magnetic refrigerators [22, 23] . Our previous experimental and theoretical investigations on the Y(Fe 1−x Co x ) 2 system covered such issues as: magnetic moments of Y(Fe 1−x Co x ) 2 [24, 25] , electronic structure of YCo 2 [26, 27] , effect of YCo 2 doping [28] , magnetic percolation in Y(Fe 1−x Co x ) 2 [29] , Curie temperature of Y(Fe 1−x Co x ) 2 [30] , and structural disorder in YCo 2 [31] .
In this work we focus on the concentration dependence of the electronic specific heat coefficient γ, where the specific heat is a temperature derivative of the internal energy. The temperature dependence of specific heat consists of lattice contribution and linear electronic term γ T . As the Fermi-Dirac statistic indicates, only a small fraction of electrons contributes to the specific heat and the electronic contribution is the most pronounced in metals at low temperatures. In the Sommerfeld model, the electronic specific heat coefficient γ is calculated by converting the value of the density of states at the Fermi level (DOS(E F )) according to the equation [32] , where k B is the Boltzmann constant.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The ingots of several Y(Fe 1−x Co x ) 2 compositions (x = 0.85, 0.90, 0.925, 0.95, and 0.985) were prepared with the use of arc-furnace by repeated melting of required amounts of high purity Y (99.9%), Co (99.9%), and Fe (99.9%) in Ar atmosphere. The polycrystalline master alloys were rapidly quenched in a melt spinning device on a rotating copper wheel with the surface velocity of 40 m s −1 . The X-ray diffraction (XRD) with Co K α radiation in Bragg-Brentano geometry was used to characterize the crystalline structure of the meltspun flakes. Temperature dependences of heat capacity were measured with two-tau relaxation method using the Quantum Design Physical Property Measurement System (PPMS).
To simulate the chemical disorder in theoretical models of the considered Y(Fe 1−x Co x ) 2 alloys three different methods were used: the coherent potential approximation (CPA) [33, 34] , the virtual crystal approximation (VCA) [25] , and the ordered compound method (also called the supercell method) [24] . The density functional theory (DFT) calculations were conducted with the full-potential local-orbital scheme (FPLO) [35] . The older FPLO5.00-18 version of the code was used for the CPA, which is not available in the more recent versions. The rest of the calculations were performed with the FPLO14.0-49. For the exchange-correlation potential, we used the Perdew and Wang (PW92) model of the localspin-density approximation (LSDA) [36] . As a result of using the CPA, we had to limit our calculations to the scalar-relativistic approximation. It is because, that in the FPLO5.00-18 version of the code, the CPA calculation can only be carried out with scalar-relativistic approximation, therefore for consistency, this approach was also used in other cases. The calculations were done using a 40 × 40 × 40 k-mesh for the VCA and 16 × 16 × 16 kmesh for the CPA and ordered compound methods. For all three approaches we used the criterion of simultaneous energy and density convergence with an accuracy of ∼2.72×10 −7 eV (10 −8 Ha) and 10 −6 , respectively. In the FPLO5 the Y(4s, 4p) and Fe/Co(3s, 3p) electrons were treated as semi-core with the Y 4s and 4p orbitals having separate compression parameters, while the 3s and 3p orbitals in Fe and Co having a joint one. The Y(5s, 5p, 4d) and Fe/Co(4s, 4p, 3d) electrons were treated as valence ones. The considered crystallographic models were based on the optimized lattice parameters, as the application of the experimental parameters for YCo 2 resulted in a ferromagnetic ground state, which is not consistent with the empirical data [27, 31, 37] . Due to the overbinding nature of the LDA, the calculated lattice parameters (7.05Å for YFe 2 and 6.95Å for YCo 2 ) are much smaller than the experimental ones (7.36Å for YFe 2 and 7.22Å for YCo 2 [7] ). However, they stay in good agreement with the previous LDA results (7.04Å for YFe 2 [] and 6.96Å for YCo 2 [37, 38] ). The lattice parameters for the intermediate Y(Fe 1−x Co x ) 2 concentrations were interpolated assuming a linear behavior of a(x) dependence, which is in a good agreement with experiment [7] . [39] was used for visualization of the crystal structure. The experimental study of γ(x) is conducted in the vicinity of Co concentration x = 0.9, where the maximum in γ has been previously observed [40] . However, the fore- going study has been carried out with a relatively large step of ∆x = 0.1. Our results of specific heat (C p ) measurements in a temperature range between 2 and 70 K are presented on the inset of Fig. 2 . The C p (T ) curves do not show any apparent differences and no indication of a long-range magnetic ordering is visible in the plots. However, the C p /T versus T 2 dependences already reveal how the γ coefficient changes with x. The concentration dependence of the Sommerfeld coefficient exhibit a broad peak with maximum of 62.8 mJ mol −1 K −2 at x = 0.925, see Fig. 3 and Table II . This result is in a good agreement with the previous one indicating the γ max slightly below 60 mJ mol −1 K −2 located at x = 0.9 [40] .
III. RESULTS AND DISCUSSION

A. Experimental results and discussion
For x equal to 0.925, 0.95, and 0.985, the estimations of γ expt were done excluding non-linear low-temperature regions. Non-linearity, in the form of a significant upturn on the C p /T (T 2 ) dependence, is visible at lowtemperatures for x = 0.985 in the inset of Fig. 2 . Some deviations from linearity were also detected for x = 0.925 and 0.95. For x = 0.85 and 0.90 the linear dependences in C p /T (T 2 ) were measured down to the lowest temperatures. A very small upturn of C p /T (T 2 ) for x = 0.925 suggests that this alloy is just below the critical concentration for magnetic percolation. (Similar anomaly has been also observed for other Laves phases, as for Y 1−x Gd x Co 2 [41] .) Thus, being careful one can determine the critical concentration as 0.90 < x crit < 0.95, with the other authors reporting somewhat lower values, x crit ∼ 0.86 [11] , 0.88 [42] , and 0.895 [42] . Shift of the measured critical concentration can be explained as an effect of using the rapid quenching technique for synthesis of our alloys. This results in chemical and topological disorder being introduced, which leads to the formation of magnetically ordered state [28, 29, 31] . When starting from an exchange enhanced Pauli paramagnet YCo 2 , an introduction of structural disorder (or addition of other element) causes the formation of magnetically ordered clusters (spin-glass-type behavior) with non-zero magnetic moment on Co atoms. Formation of such magnetic clusters has been described for Y 1−x Gd x Co 2 as a 'microscopic' metamagnetic phase transition that occurs at a sufficiently high molecular field acting on Co atoms [41] . Magnetic percolation to the long-range magnetic ordering takes place when the volume and number of magnetic clusters, which can be described as localized spin density fluctuations, are increasing. Such fluctuations originate from the distribution of d-d exchange coupling due to the presence of chemical or structural disorder and from the inhomogeneous distribution of the local density of states. This picture leads to the conclusion that the additional contribution to the heat capacity of the samples above x crit is connected with the presence of magnetically ordered clusters. The above suggests a close connection between the maximum in γ(x) and magnetic phase transition in the considered Laves phases.
B. Theoretical results and discussion
According to Muraoka et al. [40] the characteristic enhancement of γ(x) around the critical concentration should be attributed to the spin fluctuations. Subsequently, two theoretical attempts have been made by Shimizu et al. to reproduce the maximum in γ(x) [43, 44] . The first approach was based on the Green's functions method [43] and in the second one the rigid band model was used on top of the YCo 2 density of states (DOS) from the tight-binding approximation [44] . Unfortunately, the γ(x) dependences obtained from both methods are unsatisfactory, especially in the vicinity of the magnetic transition. To analyze the formation of maximum in γ(x) on the Co-rich region of the Y(Fe 1−x Co x ) 2 system, we employed the local density approximation (LDA) in combination with the virtual crystal approximation (VCA). f.u.
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Densities of states and electronic specific heat coefficient
In Fig. 4 we present the densities of states (DOS) for several Co-rich compositions of Y(Fe 1−x Co x ) 2 system. A comparison of total energies of ferromagnetic and nonmagnetic ground-state solutions indicates a magnetic phase transition at x crit ∼ 0.925. The presented DOS are spin polarized for a ferromagnetic region (x < 0.925) and nonmagnetic above the critical concentration (x > 0.925). The valence bands of the considered alloys start at about -7 eV with the most significant contributions from the 3d states located above -4 eV (not shown). The DOS plots presented in Fig. 4 cover only the narrow region between -1 and 1 eV, which is the most important from the perspective of magnetic phase transformation. For YCo 2 we observe a characteristic sharp peak near the Fermi level. A decrease of Co concentration leads to the depopulation of the valence band, whereby the relative position of the Fermi level moves towards the center of that peak. Due to the exchange interactions that peak splits asymmetrically below the critical concentration (x crit ∼ 0.925). The majority spin channel (the occupied one, red in Fig. 4 ) moves towards lower energies by about 0.4 eV, while the minority spin channel (the unoccupied one, blue) is shifted towards higher energies by about 0.2 eV. Since the sharp peak of minority spin channel is located on the Fermi level, the DOS at Fermi level increases. Further decrease in Co concentration x leads to an increase of the magnetic moment and thus to increase of the exchange splitting. That shifts the sharp peak observed below the Fermi level towards the higher energies and the DOS at Fermi level (E F ) decreases.
The calculated Co concentration x dependence of DOS(E F ) indicates maximum at x max = 0.91, see Fig. 5 . [45] . The γ calc−enh plot consists of two sections, ferromagnetic (FM) and nonmagnetic (NM), on the two sides of the phase transition determined by x crit ∼ 0.925. The value of γ for YCo 2 (x = 1.0) comes from Muraoka et al. [40] .
As the γ coefficient is proportional to DOS at Fermi level, we recalculated the DOS(E F )(x) dependence into the γ(x). Thus, we can say that the observed maximum in γ(x) is an image of the DOS peak on the Fermi level. The calculated value of γ for a nonmagnetic YCo 2 (x = 1.00) is equal to 4.6 mJ mol −1 K −2 and it is relatively close to a previously calculated value equal to 6.1 mJ mol −1 K −2 [45] . Both values of γ calculated for YCo 2 are distant from the experimental one, equal to 36.2 mJ mol −1 K −2 (per mol of YCo 2 ) [40] . Tanaka et al. have seen the reason of this failure of density functional theory (DFT) in a lack of many-body effects in low-energy excitations [46] . In order to improve this shortcoming, Tanaka and Harima [45] have introduced an enhancement factor (γ) calculated with a method of second-order perturbation for Coulomb interactions (U dd ) between Co d electrons in YCo 2 [46] . The enhancement factorγ for YCo 2 , calculated by Tanaka and Harima by the method of adjusting to the experimental value, is equal 6.87. The corresponding parameters of their model are U dd = 1.8 eV and 84% contribution of the Co d-component to the total γ.
In Fig. 5 we present the enhanced electronic specific heat coefficient γ calc−enh (x) calculated for the Corich region. Application of the enhancement parameterγ = 6.87 to calculated in this work maximum of γ (γ max ∼ 12 mJ mol −1 K −2 at x max = 0.91) leads to γ max−enh ∼ 70 mJ mol −1 K −2 , being in much better agreement with our experimental value γ max−expt ∼ 62.8 mJ mol Table. II. It is a little bit surprising, that the calculated peak of γ does not coincide with the x crit−LDA−V CA ∼ 0.925, but instead occurs at x max = 0.91. Unfortunately, the results of our measurements (x max ∼ 0.925 and 0.90 < x crit < 0.95) are not accurate enough to confirm this effect in Y(Fe 1−x Co x ) 2 . However, a much larger difference has been previously measured for Zr(Fe 1−x Co x ) 2 system, with x max = 0.5 and x crit = 0.75 [47] .
The observed discrepancies between the experimental and computational results of γ(x) can be further attributed to the LDA and VCA used in our theoretical models. The application of LDA results in reduction of lattice parameter due to overbinding and it is accompanied by reduction of the magnetic moments, underestimation of the magnetic energy, and shift of the critical Co concentration for which the magnetic transition occurs. Whereas, the VCA simplifies the nature of chemical disorder by forming a homogeneous crystal. In result, we received a sharp band structure without any broadening coming from the chemical disorder, which is observed in the angle-resolved photoemission spectroscopy (ARPES) measurements and in the CPA calculations of disordered alloys. So why did we choose the VCA instead CPA to do the research? An application of CPA would not allow us to analyze the fixed spin moment and Fermi surface, which results will be presented in the following sections. Nevertheless, we have also performed the additional CPA-LDA calculations, which have confirmed the presence of the magnetic phase transition and the maximum in γ(x) for the Co-rich compositions. However, the CPA maximum in γ(x) is much smoother than that from VCA method, which can be related to the mentioned broadening caused by chemical disorder. Some results of the CPA calculations will be also presented in the further part of the study.
Fixed spin moment calculations
The fixed spin moment (FSM) method allows for calculations of the systems with a non-equilibrium magnetic moment, and hence it enables to plot the magnetic energy dependence as a function of spin magnetic moment [9] , where the magnetic energy is the energy difference between the magnetic and nonmagnetic ground state solutions. The FSM calculations have already helped to understand the magnetic behavior of YCo 2 [9, 27] . We performed a series of FSM calculations for several successive concentrations near the magnetic transition of Y(Fe 1−x Co x ) 2 system, see Fig. 6 . The presented dependences of magnetic energy and the density of states at Fermi level (DOS(E F )) on the FSM are intended to explain the behavior of γ(x). In order to obtain accurate plots of DOS(E F ) versus FSM, it was necessary to use a very small step in FSM (0. minima for non-zero moments above this value. The positions of the minima shift towards higher magnetic moments with a decrease of Co concentration, wherein, the deeper is the minimum, the more stable the ferromagnetic state is. The overall shape of DOS(E F )(m) is similar for all considered Co concentrations. The observed double peak structure is related to the DOS plot with the characteristic maximum near the Fermi level. The observed for increasing Co concentration x shift of the DOS(E F )(m) plots towards the higher magnetic moments comes from filling of the electronic band structure of Y(Fe 1−x Co x ) 2 after alloying with the element possessing more valence electrons. The minima in magnetic energies clearly correspond with the ground state values of DOS(E F ). When we look at the values of the ground state DOS(E F ) for subsequent Co concentrations, we observe the change of tendencies, leading to the formation of the maximum in DOS(E F ) versus x, and thus in the considered dependence of γ(x). It gives another perspec-
The Fermi surfaces of Y(Fe 1−x Cox) 2 calculated within LDA-VCA in the vicinity of the critical concentration x crit ∼ 0.925 at which the ferromagnetic-nonmagnetic phase transition occurs. The results of spin polarized calculations are presented in the left column, while the results of nonmagnetic calculations are shown in the right one. Red color denotes the electron-type, while blue color the hole-type surfaces.
tive for understanding of the formation of maximum in γ(x).
Fermi surface
Another insight into the nature of the electronic specific heat coefficient γ can be achieved from a perspective of the Fermi surface. As we discussed in Sec. I, γ is directly estimated from DOS(E F ), where the latter one is obtained by integration of the states on the Fermi level over the whole Brillouin zone. A distribution of the states at the Fermi level in the first Brillouin zone is called the Fermi surface. Thus, the observed maximum in γ correlates with the largest area of the Fermi surface, as presented in Fig. 7 for several successive Co concentrations. The Fermi surfaces presented in the right column are nonmagnetic solutions, while the ones shown in the left column are spin polarized.
The nonmagnetic Fermi surface for the terminal concentration x = 1.00 (YCo 2 ) consists of three sheets. Electron-type surface, denoted with red color, is centered at high-symmetry point X and consists of rectangular parts connected at W points. The other two surfaces are of the hole-type and are located around the Γ point. One of them is nested and thus not visible in the figure. The Fermi surface calculated for YCo 2 is consistent with the previous theoretical results [46] . We suspect that the small differences observed around the W point may come from the various forms of the LDA exchangecorrelation potential used in the compared models or from the inclusion of the spin-orbit interactions in the previous model [46] . An evolution of Fermi surface is observed with decrease of Co concentration (x = 0.95 and 0.93). The new features are forming around the W point. The hole-type surfaces (blue color) are enlarging, which leads to increase of DOS(E F ) and eventually to fulfillment of the Stoner criterion at x crit ≈ 0.925. Decrease of x leads to a magnetic phase transition, which also manifests in the shape of the Fermi surfaces. The spin polarized Fermi surface for x = 0.92 consists of two overlapping spin channels and has the largest area of all Fermi surfaces shown in Fig. 7 . The characteristic feature of the spin polarized solutions are the hole-type nested double tubes along the Γ-L direction. The Fermi surfaces for even lower Co concentrations (x = 0.88 and 0.84) exhibit a gradual decrease of their area, which correlates with the form of the DOS(E F ) and γ(x) dependences.
Magnetic moments from CPA and ordered compound method
As an addition to the presented VCA results obtained for the Co-rich concentrations of the Y(Fe 1−x Co x ) 2 system, we show the magnetic moments calculated using the coherent potential approximation (CPA) and ordered compound method for a full Co concentration range.
The magnetic moments calculated with the CPA and ordered compound methods are shown in Fig. 8 . The results of total magnetic moment preserve the overall shape of the Slater-Pauling curve with a maximum at x ∼ 0.3. The calculated total magnetic moments are underestimated in comparison to the experimental values [6] . This difference is relatively large and for the intermediate concentrations it is equal to about 0.7 µ B f.u. −1 . That discrepancy originates, among others, from the limitations of the LDA, which is recognized as an underestimating of magnetic moment [48] . Simultaneously, we used the lattice parameters calculated within the LDA (underestimated by about 0.3Å) [7] , which additionally decreased the magnetic moment. The application of gener- The subsequent panels present total magnetic moments and contributions from individual elements. The chemical disorder was treated with the coherent potential approximation (CPA) and the ordered compound's method. The experimental total magnetic moments' dependence comes from the work of Piercy and Taylor [6] .
alized gradient approximation (GGA) gave better values of optimized lattice parameters and magnetic moments, but it overestimated the magnetic energy, leading to a ferromagnetic ground state for YCo 2 and no magnetic phase transition in Y(Fe 1−x Co x ) 2 was observed [30] . Furthermore, the lattice parameters for the intermediate Y(Fe 1−x Co x ) 2 concentrations were interpolated assuming a linear behavior of the a(x) dependence, which further decreased the lattice parameters of the intermediate concentrations in respect to the experimental values [7] . Some effect on the calculated magnetic moments has an application of the scalar-relativistic approximation, as a result of which the obtained magnetic moments are completely spin type and do not include the orbital contributions. This deficiency is the magnitude of the orbital moments of the bcc Fe and hcp Co, which have experimental values equal to 0.086 and 0.13 µ B , respectively [49, 50] . Previously observed failure of the LDA + U approach for YCo 2 suggests a necessity to make use of dynamical correlations to improve the theoretical model [30] . However, this goes beyond the scope of this work. The calculated total magnetic moment for YFe 2 , equal to 2.62 µ B f.u. −1 , is lower than the experimental value of 2.80 µ B f.u. −1 [6] . The contributions to the total magnetic moment from Fe and Y atoms are equal to 1.51 µ B and -0.39 µ B , respectively, in qualitative agreement with the previous theoretical results (1.68 µ B and -0.43 µ B [24] ). The calculated spin magnetic moment on Fe in YFe 2 (1.51 µ B ) is reduced in comparison to the measured spin magnetic moment of bcc-Fe, equal to 1.98 µ B [49] . Similarly, the highest values of magnetic moment on Co in the Y(Fe 1−x Co x ) 2 system, equal to about 0.8 µ B on the Fe-rich limit, are significantly reduced in respect to the experimental magnetic moment of fcc-Co, equal to 1.67 µ B [51] . The above picture of the magnetic properties obtained from the CPA and ordered compound method supports the previous findings based on VCA and helps to better understand the behavior of experimentally observed γ versus x dependence.
IV. SUMMARY AND CONCLUSIONS
In this work we have presented a combined experimental and computational study of the electronic specific heat coefficient γ and magnetic properties of Y(Fe 1−x Co x ) 2 Laves phases. For high Co concentrations the measurements indicated the presence of the concentration induced ferromagnetic-paramagnetic phase transition accompanied with the maximum in γ. The magnetic transition was modeled based on the LDA ground state electronic structure. Calculations showed also that the observed maximum in γ(x) results from the presence of the sharp DOS peak on the Fermi level. Another perspective for understanding the formation of maximum in γ(x) was given by simultaneous analysis of magnetic energy and DOS at the Fermi level as the functions of fixed spin moment. Furthermore, using the CPA and ordered compound methods, we calculated the basic magnetic properties of Y(Fe 1−x Co x ) 2 in the whole range of concentrations. 
Appendix: Crystallographic data of ordered compounds
One of the common approximate techniques for a computational treatment of the structures with a chemical disorder is the ordered compound method [25] . It assumes simulating of a disordered alloy by the ordered compound of the same composition. For example, in case of the Y(Fe 1−x Co x ) 2 alloys one can represent Co concentration x = 0.125 with an ordered ternary compound Y 4 Fe 7 Co 1 . The generated structural data of the ordered ternary compounds for x equal 0.125, 0.25, 0.375, and 0.5 are presented in Table III . The other three intermediate compositions, 0.625, 0.75, and 0.875, can be obtained from the presented data by exchanging atoms on Fe and Co sites. The only free parameter here is the lattice parameter a, thus these ordered compounds are universal and can be used for calculations of alloys of any AB 2 -type Laves phase.
